In recent years, the use of volumetric modulated arc therapy (VMAT) for treatment of locally advanced non-small cell lung cancer (NSCLC) patients has grown. The main advantage compared to fixed-field intensity-modulated radiotherapy (IMRT) is its improved delivery efficiency. The shorter treatment time of VMAT allows for increased patient throughput, reduced intrafractional motion, and improved patient comfort \[[@CR1]\].

IMRT and VMAT treatment planning with commercial treatment planning systems (TPS) is an iterative trial-and-error process. The procedure is time consuming and the quality of the final treatment plan may depend highly on the experience and skills of the dosimetrist, the complexity of the case, and the available time. In addition, there is no guarantee that the final treatment plan reflects the optimal dose distribution for a specific patient in terms of PTV coverage, doses in organs at risk (OAR), and the desired tradeoffs between them.

To increase the consistency and quality of treatment plans, and to reduce treatment planning time, there is a growing interest in automated treatment planning \[[@CR2]--[@CR16]\]. Different vendors offer so-called knowledge-based automated treatment planning solutions. These methods rely on a database of previously treated plans that are used to predict achievable dose objectives for a new patient. For NSCLC patients, several methods for automated treatment planning have been evaluated. Fogliata et al. used Varian's RapidPlan (Varian Medical Systems, Palo Alto, CA, USA), which applies a database of previously treated plans \[[@CR12]\]. Tol et al. used an automated interactive optimization procedure for VMAT plan optimization based on dose--volume constraints and dose--volume histogram analyses \[[@CR4]\]. This method requires that the user knows the input priorities that result in acceptable treatment plans for the majority of patients. Zhang et al. and Quan et al. proposed a completely automated process based on in-house developed optimization algorithms \[[@CR1], [@CR5]\]. Beam angles were optimized using a library of plans from previously treated patients. For VMAT and IMRT planning techniques, they showed that automatically generated plans were generally preferred by oncologists when compared to manually generated plans. Recently, Kamran et al. investigated the benefit of IMRT planning in combination with multicriterial optimization \[[@CR13]\]. Compared to manually generated plans without multicriterial optimization, OAR sparing could be significantly improved without comprising target coverage. Consequently, the multicriterial optimized plans were preferred by the physicians.

In the authors' department, Erasmus-iCycle was developed, a system for fully automated multicriterial treatment plan generation. Currently, Erasmus-iCycle is clinically applied for IMRT and VMAT plan generation for prostate, head and neck, and cervical cancer patients \[[@CR3], [@CR6], [@CR14]\]. The authors have previously demonstrated that automatically generated plans were of noninferior or higher quality compared to plans generated by an expert dosimetrist in the absence of time pressure \[[@CR3]\].

The goal of this study was to configure, test, and implement Erasmus-iCycle for automated, multicriterial VMAT treatment planning (autoVMAT) for stage III/IV NSCLC patients treated with curative intent. For 41 consecutively treated patients, autoVMAT plans were compared to manually generated, clinically delivered IMRT plans using dosimetric indices and physicians' scoring. For a subgroup of patients, autoVMAT plans were also compared to manually generated VMAT plans. Sixteen out of 41 patients had a reduced PTV dose prescription in the clinical plan to avoid violation of OAR tolerance doses. For these patients, the potential for dose escalation with autoVMAT was explored.

Materials and methods {#Sec1}
=====================

Patients and treatment {#Sec2}
----------------------

Two sets of locally advanced stage III--IV NSCLC patients treated with curative intent with IMRT at the Erasmus MC Cancer Institute were included in this study. The first set, consisting of 7 patients treated in 2014, was used to configure the system for automated planning. The second set, consisting of 41 consecutive patients treated between January and August 2015, was used for validation. All clinically delivered IMRT plans consisted of 5--9 beams and were generated with the common manual trial-and-error planning approach, using the Monaco TPS version 5.0 (Elekta AB, Stockholm, Sweden).

For segmentation of the targets and OARs, the 50% exhale phase of a four-dimensional computed tomography (4DCT) scan was used. The clinical target volume (CTV) was defined by expanding the gross tumor volume (GTV) by a margin of 5 mm. If needed, the CTV was manually edited based on anatomic borders. Lymph node stations with affected nodes---as determined on diagnostic CT or positron-emission tomography (PET) scans, endoscopic ultrasound, or fine needle aspiration pathology examination---were also defined as CTV. To define the planning target volume (PTV), the CTVs of the primary tumor and lymph nodes were expanded by a margin of 1 cm in the lateral and ventral--dorsal directions and by a margin of 1--1.2 cm in the cranial--caudal direction, depending on respiratory tumor motion amplitude. According to protocol, the intended PTV dose prescription was 66 Gy. In practice, prescribed doses varied between 30 and 66 Gy, in order to avoid violation of clinical constraints. For 25 patients treated with concurrent chemotherapy, the dose was delivered in fractions of 2 Gy; 15 patients treated with sequential chemotherapy received 2.75 Gy per fraction. The other 8 patients, receiving a prescribed dose of 45 Gy or lower, were treated with 3 Gy per fraction.

Planning goals were to cover at least 95% of the PTV and 99% of the CTV with 95% of the prescribed dose, and 99% of the PTV with 90% of the prescribed dose, while sparing OARs as much as possible. The mean dose in the total lung volume minus GTV had to be kept below 20 Gy and the V~20Gy~ (volume receiving 20 Gy or more) below 35%. Maximum allowed doses to the spinal cord and plexus brachialis were 46.3 Gy and 56.6 Gy (3 Gy/fraction), 49.3 Gy and 60 Gy (2.75 Gy/fraction), and 50 Gy and 66 Gy (2 Gy/fraction), respectively. The protocol also prescribed a V~5Gy~ \< 60% for lungs minus GTV and V~45Gy~ \< 25% for the esophagus, but these requirements did not determine whether a plan was deemed acceptable or not. A high level of dose conformity was desired.

Automated multicriterial treatment planning {#Sec3}
-------------------------------------------

The in-house developed Erasmus-iCycle TPS cannot be directly used for clinical plan generation. Therefore, automated multicriterial treatment planning was implemented as a two-step process, combing Erasmus-iCycle and the clinically used Monaco TPS. The process is described in detail by Voet et al. \[[@CR3]\] and is briefly summarized here. In the first step, Erasmus-iCycle is used to automatically generate an equi-angular 23-beam IMRT plan, simulating VMAT delivery. Further increasing the number of beams increased calculation times but did not lead to improved plan quality \[[@CR3]\]. Next, using the achieved constraint and objective values in the Erasmus-iCycle plan, a patient-specific Monaco template is automatically generated, followed by automated plan generation in Monaco based on this template, to result in a clinically deliverable VMAT plan that closely mimics the initial Erasmus-iCycle plan. The same system is used clinically for automated clinical plan generation for prostate, head and neck, and cervical cancer patients \[[@CR3], [@CR6], [@CR14]\].

Plan generation with Erasmus-iCycle is based on a site-specific "wishlist", with hard planning constraints (never to be violated) and *prioritized* objectives. The assigned objective priorities are used to automatically steer the multiobjective plan generation, ensuring clinically desirable tradeoffs between all treatment objectives. Generally, adequate PTV coverage has the highest priority, followed by the most important OAR objective.

In this study, all Erasmus-iCycle plans were generated by employing one fixed wishlist, with some minor variations to handle differences in dose prescription and fractionation (see above). An initial wishlist was composed based on previous clinical experience, the planning protocol, and wishes of treating physicians on how to improve clinically applied plans. It was used to automatically generate a plan for the first 7 patients included in this study. These plans were then evaluated together with physicians, and the wishlist was modified according to their input. This iterative procedure continued until no further improvements in plan quality were achieved for the 7 training patients. The final wishlist is shown in Table [1](#Tab1){ref-type="table"}.Table 1Erasmus-iCycle wish list for advanced stage NSCLC. The wishlist consists of six hard constraints that are met per definition and 13 objectives that are optimized in order of priority. Once the goal of an objective is achieved or when further optimization is no longer possible, the optimizer fixes the achieved value of the objective (with a bit of slack) as a constraint and continues with the next objective. The first priority was proper CTV and PTV coverage, ensured by the use of the LTCP cost function with a sensitivity value of 0.8 \[[@CR17]\]. When the spinal cord was close to the target or overlapped it, the objective was applied to the target volume from which the spinal cord expanded by 5 mm was subtracted. The purpose was to locate the acceptable underdosage to the PTV near the spinal cord. The third objective aims to reduce the maximum dose at 4 cm from the PTV to 60% of the prescribed dose. The next objective tries to reduce the mean lung dose to 15 Gy. Two more objectives (shell PTV + 1 cm and shell PTV + 3 cm) with priorities 5 and 6 realize a steep dose falloff outside the PTV. To minimize the esophagus volume treated to a high dose, an EUD objective were used. Objectives 8 to 13 aimed at further reducing the doses to the OARs. In the final phase of the optimization, all objectives are consecutively minimized to their fullest extentPriorityVolumeDose metricsLimit/goalParameterConstraintPatientMax107% of prescribed dose--ConstraintCTVMax107% of prescribed dose--ConstraintPTV---(spinal cord + 5 mm)Max107% of prescribed dose--ConstraintSpinal cord + 3 mmMax47 Gy--ConstraintPlexusMax63 Gy--ConstraintLungs---GTVMean19 Gy--*1*CTV↓ LTCP1α = 0.8*2*PTV↓ LTCP0.5α = 0.8*3*Patient---(PTV + 4 cm)↓ Max60% of prescribed dose--*4*Lungs---GTV↓ Mean15 Gy--*5*Shell PTV + 1 cm↓ Max90% of prescribed dose--*6*Shell PTV + 3 cm↓ Max80% of prescribed dose--*7*Esophagus↓ EUD44 Gyk = 8*8*Esophagus↓ Mean15 Gy--*9*Lungs---GTV↓ Mean5 Gy--*10*Heart↓ Mean15 Gy--*11*Spinal cord + 3 mm↓ Max42 Gy--*12*Unspecified tissue↓ Max40 Gy--*13*Plexus↓ Mean20 Gy--*LTCP* logarithmic tumor control probability,*EUD* equivalent uniform dose,*CTV* clinical target volume, *GTV* gross tumor volume,*PTV* planning target volume, *NSCLC* non-small cell lung cancer, *OAR* organs at risk. The arrows indicate that objectives are minimized

Comparison of autoVMAT and clinically applied IMRT plans {#Sec4}
--------------------------------------------------------

For the second group of 41 patients, the manually generated IMRT plans were compared with autoVMAT plans using dosimetric indices and by independent scoring by two physicians. For fair comparison, in this part of the investigation, the prescribed tumor dose for the autoVMAT plans was identical to that used in the corresponding clinical plans.

Comparison of automatically and manually generated VMAT plans {#Sec5}
-------------------------------------------------------------

At the time of this study, the authors did not yet apply VMAT in clinical routine for advanced-stage NSCLC patients. Prior to clinical introduction, for 10/41 validation patients the autoVMAT plans were also compared with VMAT plans that were manually generated by an expert dosimetrist without planning time limitations. The dosimetrist had no prior knowledge of the Erasmus-iCycle plans of these patients.

Dose escalation {#Sec6}
---------------

In clinical routine, when it was not possible to achieve the intended dose prescription of 66 Gy without violating at least one of the clinical hard constraints, the number of planned fractions, and consequently the prescribed dose, was reduced following a standard schedule: 1. reduction of the prescribed dose to 60 or 60.5 Gy (depending on fractionation schedule), 2. if plan generation was still unfeasible, further reduction to 55 Gy, or, if needed, to 45, 39, or 30 Gy delivered in 3 Gy per fraction. Intermediate dose levels were not clinically applied due to planning time limitations. For the 16 patients with a prescription dose lower than 66 Gy, it was attempted to escalate the dose using autoVMAT, following the standard schedule steps backwards: from 45 Gy to 55 Gy, from 55 Gy to 60.5 Gy, from 60 Gy or 60.5 Gy to 66 Gy. For fair comparison with the clinically applied procedure, intermediate dose escalations were not investigated.

Statistics {#Sec7}
----------

Plan conformity was quantified using R~50~, the ratio between the total volume receiving at least 50% of the prescribed dose and the volume of the PTV. Dose homogeneity in the PTV was measured using the homogeneity index (HI), defined as HI = (D~2%~ − D~98%~)/D~50%~, where D~2%~, D~98%~, and D~50%~ are the doses covering 2, 98, and 50% of the PTV, respectively. Differences in dosimetric indices were expressed as mean ±1 standard deviation. Statistical significance of differences in dosimetric indices was evaluated with two-tailed Wilcoxon signed-rank tests, considering *p* \< 0.05 statistically significant.

Results {#Sec8}
=======

AutoVMAT and clinically applied IMRT plans {#Sec9}
------------------------------------------

Two physicians judged 35/41 of the autoVMAT plans (85%) as clinically acceptable. These plans were considered equivalent or (as in most cases) better than the corresponding IMRT plans, due to a combination of better PTV coverage and dose conformity, as well as sparing of the lungs, heart, and esophagus (Fig. [1](#Fig1){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}). PTV volume receiving at least 95% of the prescribed dose (V~95%~) was on average improved by 1.1% ± 1.1% (*p* \< 0.001) and the near-minimum dose in the PTV (D~99%~) by 0.6 Gy ± 1.5 Gy (*p* = 0.004). The mean lung dose (lungs excluding GTV) was reduced by 0.9 Gy ± 1.0 Gy (*p* \< 0.001), V~20Gy~ by 1.3% ± 2.1% (*p* = 0.001), and V~5Gy~ by 3.2% ± 7.6% (*p* = 0.023). The esophagus mean dose was on average 3.6 Gy ± 2.8 Gy (*p* \< 0.001) lower and V~45Gy~ was reduced by 4.6% ± 4.8% (*p* \< 0.001). The heart mean dose was reduced by 1.5 Gy ± 1.8 Gy (*p* \< 0.001).Fig. 1Differences between clinical intensity-modulated radiotherapy (IMRT) and automated volumetric modulated arc therapy (autoVMAT) plans for **a** planning target volume (*PTV*) V~95%~, PTV D~99%~, mean lung dose (*MLD*), lungs V~5Gy~, lungs V~20Gy~; **b** esophagus mean dose, heart mean dose, conformity index (R~50~), and homogeneity index (HI). Positive values are in favor for the autoVMAT plans. V~95%~ is the PTV volume receiving at least 95% of the prescribed dose, D~99%~ is the minimum dose delivered to 99% of the PTV, V~5Gy~ and V~20Gy~ are the volumes receiving 5 Gy, respectively 20 Gy, or more. For visualization purposes, the differences of PTV D~99%~, lungs V~5Gy~ and V~20Gy,~ R~50~, and HI were multiplied by 0.5, 0.2, 0.4, 10, and 100, respectively. Patients for which the autoVMAT plan was rejected are denoted by an \*. The pronounced predominance of positive bars confirms the overall improvement in plan quality for autoVMAT plans with respect to the corresponding clinical IMRT plans Table 2Mean values and uncertainties, reported as one standard deviation (1 SD), for the evaluated dose metrics of the clinical IMRT plans and the autoVMAT plans for the 35 study patients with acceptable autoVMAT plans. For all metrics, statically significant differences were observed in a two-tailed Wilcoxon signed-rank testClinical IMRTautoVMAT*p*-value Wilcoxon testDose metricsMeanSDMeanSDPTV V~95%~(%)97.01.498.21.1\<0.001PTV D~99%~ (Gy)55.28.955.89.10.004Conformity index R~50~ (--)4.670.854.130.56\<0.001Homogeneity index (--)0.1270.0350.1010.035\<0.001Mean lung dose (Gy)17.32.616.52.3\<0.001Lungs V~5Gy~(%)56.010.652.89.70.023Lungs V~20Gy~(%)29.44.828.14.40.001Mean heart dose (Gy)12.36.610.85.9\<0.001Mean esophagus dose (Gy)24.46.920.86.5\<0.001Esophagus V~45Gy~ (%)27.013.222.411.9\<0.001*IMRT* intensity-modulated radiotherapy, *autoVMAT* automated volumetric modulated arc therapy, *PTV* planning target volume. V~95%~ is the PTV volume receiving at least 95% of the prescribed dose, D~99%~ is the minimum dose delivered to 99% of the PTV. V~5Gy~, V~20Gy~ and V~45Gy~ are the volumes receiving respecively 5 Gy, 20 Gy and 45 Gy, or more

The autoVMAT plans were generally more conformal than the clinical IMRT plans as indicated by a reduction in R~50~ by, on average, 12.2% ± 12.7% (*p* \< 0.001). Moreover, the PTV dose homogeneity improved by 0.025 ± 0.017 (*p* \< 0.001), i. e., an average reduction of 20%.

Unacceptable plans {#Sec10}
------------------

For 6 patients, the physicians deemed the autoVMAT plan clinically unacceptable due to violation of at least one clinical constraint. In 2 patients PTV coverage was not adequate (V~95~ \< 95%, V~90~ \< 99%); for 4 patients the MLD and/or lungs V~20Gy~ exceeded clinical constraints. It took a dosimetrist less than 10 min hands-on time to manually fine-tune these plans in Monaco, rendering them acceptable. In contrast, 3--4 h were required to generate a VMAT plan from scratch.

AutoVMAT and manually generated VMAT plans {#Sec11}
------------------------------------------

A radiation oncologist evaluated all autoVMAT plans as equivalent or better in quality compared to the manually generated VMAT plans. Average differences were not statistically significant, except for lungs V~5Gy~ (reduction by 6.3% ± 3.3%; *p* = 0.008), esophagus mean dose (reduction by 2.2 ± 1.8 Gy; *p* = 0.012), and esophagus V~45Gy~ (reduction by 3.2% ± 2.3%; *p* = 0.012), all in favor of autoVMAT plans. The manually generated plans were slightly more conformal, as expressed by a difference in R~50~ of 8% ± 10% (*p* = 0.038). The differences in dose metrics are shown in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Differences between manually generated volumetric modulated arc therapy (VMAT) plans and automated VMAT (autoVMAT) plans for **a** planning target volume (*PTV*) V~95%,~PTV D~99%,~ mean lung dose (*MLD*), lungs V~5Gy~, and lungs V~20Gy~, and **b** esophagus mean dose, heart mean dose, conformity index (R~50~) and homogeneity index (HI). V~95%~ is the PTV volume receiving at least 95% of the prescribed dose, D~99%~ is the minimum dose delivered to 99% of the PTV, V~5Gy~ and V~20Gy~ are the volumes receiving 5 Gy, respectively 20 Gy, or more. Positive values are in favor of the autoVMAT plans. For visualization purposes, the differences of the lungs V~5Gy~ and V~20Gy~ and HI were multiplied by 0.2, 0.4, and 100, respectively. Positive values for PTV coverage are often coupled with negative values for MLD and vice versa

Dose escalation {#Sec12}
---------------

For 6/16 patients with a prescription dose less than 66 Gy, a clinically acceptable autoVMAT plan with a higher prescribed tumor dose could be generated. In 2 patients dose escalation from 45 to 55 Gy was possible, in 2 further patients from 60 to 66 Gy. For 1 patient the dose could be escalated from 55 to 60.5 Gy and for another from 60.5 to 66 Gy. In all cases, the physicians preferred the plan with the higher tumor dose.

Discussion {#Sec13}
==========

This study developed a method for fully automated VMAT treatment planning for NSCLC patients based on Erasmus-iCycle. A single wishlist was used for all patients treated with the same protocol. The Erasmus-iCycle dose distributions were converted automatically into clinically deliverable Monaco VMAT plans. It was shown that autoVMAT plans were of equivalent or, as in most cases, higher quality than the clinically applied IMRT plans. This may be attributed partly to the delivery technique (VMAT vs. IMRT), as was also observed previously \[[@CR1]\], and partly to the difficulty of manually selecting the optimal IMRT beam configuration for individual patients. AutoVMAT plans were also of a higher or equivalent quality when compared to VMAT plans generated by an expert dosimetrist in the absence of time constraints. Only in 6/41 cases were autoVMAT plans not clinically acceptable, and a dosimetrist needed only 10 min to make these plans fulfil the constraints. The automated procedure led to a decrease in hands-on treatment planning time of 3--4 h per patient compared to conventional VMAT planning. Based on these results, autoVMAT has been clinically applied for all advanced-stage NSCLC patients treated with curative intent at the authors' hospital since March 2016.

In previous studies for prostate, head and neck, and cervical cancer \[[@CR3], [@CR6], [@CR14]\], it was not observed that some of the autoVMAT plans were unacceptable and of a lesser quality than manually generated IMRT plans with the same prescribed dose. The authors believe that this may be attributed to the simple pencil beam dose calculation algorithm in Erasmus-iCycle \[[@CR17]\]. For NSCLC patients, this may result in high-quality Erasmus-iCycle plans that cannot be accurately mimicked with the advanced Monte Carlo dose engine in Monaco. Therefore, in an ongoing project, the Monte Carlo engine used in Monaco is coupled to Erasmus-iCycle. It is expected that, in the near future, this will avoid generation of unacceptable plans for NSCLC patients as well.

For a considerable proportion of advanced-stage NSCLC patients, a prescribed dose of 66 Gy is not achievable. In these cases, the prescribed dose has to be lowered to yield acceptable OAR doses. This can be a tedious process and the clinical protocol was therefore to lower the prescribed dose in fixed steps of multiple fractions. With autoVMAT it is now feasible to apply individualized dose reductions, avoiding PTV doses lower than strictly needed.

Erasmus-iCycle for autoVMAT planning has a couple of advantages compared to other approaches for automated (VMAT) planning. First, it does not fully rely on a database of prior patients, as published knowledge-based approaches do \[[@CR1], [@CR4], [@CR5], [@CR12]\]. A small set of training patients (≤10) is only used as starting point for establishing a site-specific wishlist. When generating this wishlist, the explicit aim is to achieve a higher plan quality than in the clinical plans of the training patients. With this procedure, automatically generated plans for previously treated patients have, on average, a higher or at least non-inferior plan quality than the clinical plans \[[@CR3]\], as also shown in this work. The need for a small set of training patients has an additional advantage in case of changes in clinical protocol, which would otherwise require a new large database of high-quality plans.

Conclusion {#Sec14}
==========

Fully automated VMAT treatment planning was implemented for advanced-stage NSCLC. For the vast majority of patients, autoVMAT plans were equivalent or better than manually generated plans. Moreover, for a subset of patients, autoVMAT allowed for tumor dose escalation within clinical constraints. Consequently, autoVMAT has been applied for NSCLC in routine clinical use at the authors' hospital since March 2016.

During part of the work Steven Petit was also affiliated to Massachusetts General Hospital---Harvard Medical School

Acknowledgements {#FPar1}
================

The authors would like to thank Kathrin Frey for her help with the translation into German.

Conflict of interest {#FPar2}
====================

The department of Radiation Oncology of Erasmus MC Cancer Institute has research collaborations with Elekta AB and Accuray. G. Della Gala, M.L.P. Dirkx, N. Hoekstra, D. Fransen, N. Lanconelli, M. van de Pol, and B.J.M. Heijmen declare that they have no competing interests. S.F. Petit receives financial support from the Dutch Cancer Society (KWF EMCR 2014-6667).
